Background: Aging is associated with profound metabolic disturbances, and citrulline may be of use to limit them.
Introduction
The lifespan in humans is increasing, and the prevention of age-related diseases and disability is now a major public health challenge. Impaired metabolism and changes in body composition probably contribute greatly to declining health in the elderly population. In particular, the loss of muscle mass, strength, and performance, i.e., sarcopenia (1, 2) , that begins in middle age and worsens progressively is associated with mobility disorders, increased risk of falls and fractures, impaired ability to perform activities of daily living, and increased risk of death (3) . Muscle loss is also often associated with fat mass accumulation, which plays a major role in metabolic disturbances (insulin resistance, low-grade inflammation, and dyslipidemia), thus further accelerating the aging process.
Various prevention strategies have been tested to try to limit the effects of aging on body composition and related metabolic disturbances. Physical activity is an important factor but is often difficult to initiate in elderly subjects (4) . Nutritional interventions have proven disappointing so far (5) , but citrulline has recently emerged as a new candidate with very high potential (6) . One week of oral citrulline supplementation increases muscle protein synthesis, mass, strength, and mobility in old malnourished rats (7) (8) (9) , and this effect is specifically focused on contractile proteins (7) . Citrulline is also one of the most potent scavengers of the hydroxyl radical and a known first-line defense allowing specific decomposition of free hydroxyl radical (10, 11) . However, practically all studies have evaluated its effect on a short-term basis, and there are no data, to our knowledge, on the effect of long-term citrulline supplementation in the elderly.
Here, we evaluate the long-term effects (3 mo) of citrulline supplementation on body composition, muscle structure and function, and lipid metabolism in healthy aged rats. Our working hypothesis was that long-term citrulline supplementation is able to modify body composition in healthy aged rats and favorably modulate lipid metabolism (in particular, through its antioxidant properties).
Methods
Animals Thirty-nine 20-mo-old male Sprague-Dawley rats (Charles River Laboratories) were housed individually and kept at 20-23°C in alternate 12:12 h light:dark cycles with free access to water. During a 2-wk acclimatization period, all of the rats consumed ad libitum a standard diet (17% protein, 3% fat, 59% carbohydrate, and 21% water plus fibers, vitamins, and minerals; A04; Dietex). The study protocol was approved by the Ile-de-France Regional Ethics Committee (P2. CM.058.08). All rats were free of any clinically detectable tumor at baseline.
Experimental procedures
After acclimatization, the rats were randomized into 2 groups. In the ''citrulline'' (CIT) 12 group (n = 19), rats consumed ad libitum for 12 wk with a citrulline supplement (1 g Á kg 21 Á d
21
) mixed in their unpurified diet [citrulline (13.5 mg N Á kg 21 of unpurified diet), 17% protein, 3% fat, 59% carbohydrate, and 21% water plus fibers, vitamins, and minerals; A04]. In the ''nonessential amino acid'' (NEAA; n = 20) group, the rats consumed ad libitum for 12 wk a standard diet rendered isonitrogenous to the CIT group by addition of the NEAAs His, Ser, Ala, and Gly in equimolar ratio [NEAA (13.5 mg N Á kg 21 of unpurified diet), 17% protein, 3% fat, 59% carbohydrate, and 21% water plus fibers, vitamins, and minerals; A04]. Rats were weighed every 2 wk.
On the last day of the experiment, rats that were deprived of food underwent a behavioral Y-maze test designed to determine motor activity using Y-maze (12) . The rats were then anesthetized with isoflurane. Maximal tetanic isometric force (strength) was measured by electrophysiologic methods. The rats were then killed by decapitation, blood was sampled, and the tibialis anterior, extensor digitorum longus (EDL), gastrocnemius, soleus, and plantaris muscles were rapidly removed and weighed.
Motor activity and spontaneous alternation behavior The rats were tested for spontaneous alternation and motor activity behavior in a Y-maze, with arms 40 cm long, 15 cm wide, and 35 cm high, as described previously (8) .
Maximal tetanic isometric force (strength)
The tibialis anterior muscle function was evaluated by measuring in situ muscle contraction in response to nerve stimulation (13) . In this study, the assessment of muscle function was limited to maximal tetanic isometric force and spontaneous motor activity as previously described (8) .
Body composition assessment
Rats were dissected to allow the separation and weighing of carcass reflecting fat-free mass, skin and subcutaneous fat attached to it (reflecting fat mass), and abdominal fat mass (defined as mesenteric, perirenal, retroperitoneal, and others) . Fat-free mass, fat mass, and abdominal fat mass were expressed as a percentage of total body mass.
Muscle parameter assessment
Muscle protein content (tibialis and gastrocnemius) was assayed by the method of Gornall adapted by Fleury (CV < 5%) (14) and expressed in mg of whole muscle.
Muscle amino acid (AA) concentrations (tibialis) were assayed as previously described (CV < 5%) (15) .
Electrophoresis of myosin heavy chain (MyHC; tibialis) was performed as previously described (7) . Relative levels of MyHC proteins (percent of total) were determined by densitometry (ImageJ; http:// imagej.nih.gov/ij/).
Muscle maximal activity of oxidative enzymes. Cytochrome c oxidase and citrate synthase activities were assayed as described previously (16) on frozen plantaris muscles homogenized in ice-cold buffer (0.25 mM sucrose, 2 mM EDTA, and 10 mM Tris HCl, pH = 7.4; CV = 12%).
Muscle RNA extraction and quantitative real-time PCR analysis (plantaris) using Trizol reagent (Invitrogen), reverse transcription, and PCR amplification were performed as previously described (17) . For amplification of selected genes (Supplemental Table 1 ), primers were selected to eliminate nonspecific amplification of genomic DNA (data not shown). Real-time PCR reactions were performed on a LightCycler (Roche-Diagnostics) and the relative mRNA concentrations were analyzed using the Fit Points method bundled with LightCycler software. Sevenfold dilutions from a mix of muscle cDNA were used for each target gene to construct linear standard curves from which the concentrations of the samples were calculated [arbitrary units (AUs)]. Gapdh mRNA levels were measured as internal standard. Gapdh mRNA concentrations were found to be similar between NEAA and citrulline: 8.38 6 2.37 AU vs. 7.77 6 2.96 AU, respectively (P = 0.51). Results were thus expressed relative to Gapdh mRNA content (CV < 5%).
Analysis of muscle transduction factors in the mammalian target of rapamycin complex 1 pathway (4E-binding protein 1, S6 ribosomal protein, and P70S6kinase). The mammalian target of rapamycin complex 1 (mTORC1) downstream pathway was analyzed in the tibialis by Western blot using the specific primary antibodies: phospho-Akt (Ser473), Akt, phospho-4E-binding protein 1 (phospho-4E-BP1; Ser65), 4E-BP1, phospho-S6K1 (Thr389), S6K1 (1:500), phospho-S6 ribosomal protein (phospho-rpS6; Ser240/244), and rpS6, as previously described (18) .
Muscle protein expression Two-dimensional difference gel electrophoresis proteomic analysis. The Immobiline DryStrip (18 cm, pH 4-7); IPG Buffer, pH 4-7; cyanine dyes (Cy2, Cy3, and Cy5); DryStrip cover fluid; glycerol; and the two-dimensional (2D) Clean-Up kit were from GE Healthcare. Thiourea and 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate were from Sigma. Urea, Bio-Safe Coomassie, DTT, and Bradford assay kits were from Bio-Rad. SDS was from Fluka. All other chemicals and biochemicals used were of analytic grade.
Muscle protein extraction. Tibialis anterior muscles of 4 rats in each group (i.e., the NEAA and CIT groups) were used to perform proteomic analysis and define different protein expression profiles. Proteins from the tibialis anterior muscles were extracted as described by Faure et al. (7). 12 Abbreviations used: AA, amino acid; AID/APOBEC5, activation induced deaminase/apolipoprotein B editing complex 5; APOBEC2, apoB mRNA editing enzyme, catalytic polypeptide-like 2; AU, arbitrary unit; CD, conjugated diene; CIT, citrulline; Cy2, cyanine dyes 2; Cy3, cyanine dyes 3; Cy5, cyanine dyes 5; DIGE, difference gel electrophoresis; EDL, extensor digitorum longus; mTORC1, mammalian target of rapamycin complex 1; MyHC, myosin heavy chain; Nd1, NADH dehydrogenase subunit 1; Ndufb6, NADH dehydrogenase (ubiquinone) 1 b subcomplex, 6; Ndufb8, NADH dehydrogenase (ubiquinone) 1 b subcomplex, 8; NEAA, nonessential amino acid; rpS6, S2 ribosomal protein; Tfam, mitochondrial transcription factor A; 2D, 2-dimensional; 4E-BP1, 4E-binding protein 1.
Quadruplicate samples from the 2 groups were independently prepared as described previously and used for the difference gel electrophoresis (DIGE) analysis. Samples were labeled with either Cy3 or Cy5 fluorescent dyes as described by Tonge et al. (19) , and an internal standard was prepared by mixing equal amounts of all samples labeled with Cy2 fluorescent dye. These labeled samples were then combined for 2D DIGE analysis as described in Table 1 .
2D gel electrophoresis. 2D gel electrophoresis was performed as described by Faure et al. (7).
Protein visualization and image analysis. The Cy2, Cy3, and C5 components of each gel were individually imaged using a Typhoon Variable Mode Imager 9400 (GE Healthcare) as described by Faure et al. (7) .
Protein identification by MS. A semipreparative 2D gel was prepared as described previously, except that the IPG strip was rehydrated with 400 mg of protein samples and isoelectric focusing was performed for a total of 100 kVh. After electrophoresis, the gel was fixed in a solution containing 30% (v:v) ethanol and 2% (v:v) phosphoric acid for 2 3 30 min, fixed overnight with the same solution, washed for 3 3 10 min with 2% (v:v) phosphoric acid, and then stained for 72 h with 0.01% (wt:v) Coomassie Brilliant Blue G-250, 12% (wt:v) ammonium sulfate, 18% (v:v) ethanol, and 2% (v:v) phosphoric acid. Preparative gel was washed in Milli-Q water scanned with an ImageScanner instrument (GE Healthcare). The image of the preparative gel was matched to the images of analytic gels, and the relevant spots were selected and manually excised from the gel.
In-gel digestion and MS identification was performed as described by Bussone et al. (20) , except that database searches were performed using Muscle histology. Analyses were performed on the plantaris muscles. Transverse serial muscle sections (5-10 mm, midbelly of each muscle) were obtained at 220°C using a cryostat microtome. They were mounted on glass coverslips and air-dried at room temperature.
Muscle fibrosis and intramuscular TG content. Details are provided in the Supplemental Methods.
Blood analyses Plasma AAs. Blood was collected in heparin-coated tubes for AA analysis as previously described (15) .
Serum lipid analysis. Blood was collected in anticoagulant-free tubes. Serum total cholesterol, HDL cholesterol, and TGs were determined by enzymatic methods on a Konelab 30 analyzer (Thermo Fischer Scientific; CV < 4.5%).
Serum susceptibility to oxidation. To obtain a sufficient volume of serum for further isolation of lipoproteins, sera from 2 rats in each group (NEAA and CIT groups) were pooled as previously described (21) . The 8 NEAA pools and 9 CIT pools were then divided into aliquots used for serum copper oxidation (22) and for isolation of lipoprotein fractions for subsequent analysis and copper oxidation as described by Esterbauer et al. (23) . As described for lipoproteins, the rise in the differential absorbance (reference: absorbance at 234 nm before oxidation) as a function of oxidation time classically corresponds to the formation of conjugated dienes (CDs), which are early products of lipid peroxidation. During the lag phase, the lipophilic antioxidants (such as a-tocopherol) protect the polyunsaturated acids against oxidation; once these antioxidants have been consumed, the lipid peroxidation process can begin the propagating chain reaction phase. A tangent to the curve was drawn and extrapolated to the time axis. The time interval between the addition of copper ions (time 0) and the intersection of the tangent with the time axis was defined as the lag phase (expressed in min). Propagation rate was calculated as slope of the tangent (linear part of the curve) using a molar extinction coefficient for CD at 234 nm equal to 29,500 mol Á L 21 Á cm
21
(23), and expressed as mmol of CD formed per liter per minute. Maximal concentration of CD was also calculated after 420-min oxidation.
Isolation of lipoproteins from the pooled sera. Both VLDLs and LDLs were isolated by ultracentrifuging the pooled sera at 1.006 < d < 1.063, and HDLs were isolated at 1.063 < d < 1.21 with a Beckman XL-80 ultracentrifuge and a 70.1 Ti Beckman rotor (Beckman Coulter). After adjustment of density to 1.063 with potassium bromide and centrifugation at 100,000 3 g for 22 h at 10°C, HDLs were isolated by ultracentrifuging the latter lower phase at d = 1.21 after density adjustment with potassium bromide (100,000 3 g for 22 h at 10°C) and collecting the upper phase.
Chemical composition of lipoprotein fractions. Lipid content (i.e., total and unesterified cholesterol, phospholipids, and TGs) was assayed in each lipoprotein fraction (VLDL + LDL and HDL) by enzymatic methods as described for serum (21 
We also simultaneously measured differential absorbances of lipoprotein fractions at 245, 250, and 268 nm to evaluate the concentrations of 7-ketocholesterol (as the main product of cholesterol oxidation) and dienals (mainly resulting from hydroperoxide degradation) according to Pinchuk et al. (24) ; maximum concentrations of these lipid peroxidation products were compared (after 225-min oxidation) between the 2 groups studied.
Statistical analysis
For body weight analysis, a repeated measures ANOVA + NewmanKeuls test was performed. For proteomic analysis, a protein spot abundance ratio higher than 1.4 or lower than 21.4 was set as a threshold. Only spots with a StudentÕs t test value of P < 0.05 in betweengroup comparisons of log-standardized abundance values were retained for protein identification. For lipid and lipoprotein analyses, experimental data were analyzed by the Mann-Whitney test because the population was too small for a parametric analysis. Frequency distribution of plantaris fiber size was analyzed by the Kolmogorov-Smirnov test and plantaris fiber size was also analyzed by a 1-factor ANOVA with repeated measures. For mortality and tumor incidence, because the data are discrete, we ran a one-sided FisherÕs exact test (citrulline > NEAA). All other parameters were analyzed by a StudentÕs t test (Statview 5.0 Software; Abacus Concepts, Inc.). Differences were considered statistically significant at P < 0.05.
Results
Mortality and general outcome. Mortality over 12 wk was 20% (4 of 20 rats) in the NEAA group and 0% (0 of 19 rats) in the CIT group (P = 0.05). Incidence of spontaneous tumors was 43% (7 of 16 rats had tumors) in the NEAA group and 0% (0 of 19 rats had tumors) in the CIT group (P = 0.02).
Body weight was not modified during the 12 wk of the study. Citrulline supplementation did not affect the changes in body weight (Table 1) .
Body composition. Citrulline supplementation was associated with a higher percentage of lean body mass to total body mass (+9%; P = 0.001) and lower percentages of both skin and subcutaneous fat mass (213%; P = 0.002) and abdominal fat mass (229%; P = 0.001; Table 1 ). Similar results were obtained when data were expressed in absolute values.
Spontaneous motor activity (as measured by the number of arms visited in the Y-maze) and maximal titanic isometric force were not modified by citrulline supplementation (Table 1) . Spontaneous alternation was not affected by nutritional manipulation (data not shown).
Muscle weight and muscle protein content. Citrulline supplementation was associated with an increase in glycolytic muscle mass (EDL, gastrocnemius, plantaris, and tibialis in percent of total body weight, NEAA vs. citrulline; P < 0.05) but not oxidative muscle mass (soleus; P = 0.26 vs. control). The effect of citrulline was also significant when muscle mass was expressed in mg. Protein content of gastrocnemius and tibialis (expressed in mg/muscle) was significantly higher in the CIT group than in the NEAA group (P < 0.05; Table 1 ). Protein content of the EDL, soleus, and plantaris were not measured. ; P < 0.01) were greater in the CIT group than in the NEAA group.
Muscle MyHC expression. The electrophoretic pattern of MyHC protein expression (expressed as % of total MyHC) in the tibialis anterior did not differ between the CIT and NEAA groups, with overall percentages of 36% 6 5% (MyHC-2b), 42% 6 4% (MyHC-2x/d), 14% 6 4% (MyHC-2a), and 8% 6 3% (MyHC-1).
Muscle maximal activity of oxidative enzymes. In the plantaris muscle, maximal activity of citrate synthase (expressed as mmol CoA Á min 21 Á mg Á protein
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) was greater (P = 0.05) and cytochrome c oxidase (expressed as mmol cyt c Á min 21 Á mg Á protein
) tended to be greater (P = 0.06) in the CIT group than in the NEAA group (Table 1) .
Muscle gene expression. In the plantaris muscle, gene expression of the mitochondrial transcription factor A (Tfam) was 32% greater in the CIT group than in the NEAA group (Figure 1 ; P < 0.05). In parallel, gene expression of complex I subunits coded by either the nucleus (Ndufb8 and Ndufb6) or the mitochondria (Nd1 and Nd6) was 34-41% higher in the CIT group than in the NEAA group (P < 0.05).
Phosphorylation state of mTORC1 effectors. The phosphorylation state of Akt, S6K, rpS6, and 4E-BP1 in the tibialis was similar in both groups (Figure 2) .
Effect of citrulline on muscle protein expression. The expression of muscle tibialis proteins was lower in the CIT group than in the NEAA group for ferritin heavy chain, mitochondrial hexaprenyldihydroxybenzoate methyltransferase, complement C3, and myosin-binding protein C. Conversely, the CIT group muscle showed greater expression of the mitochondrial chaperone activity of bc1 complex-like enzyme apoB mRNA editing enzyme, catalytic polypeptide-like 2 (APOBEC-2) and tropomyosin chains ( Table 2) .
Effect of citrulline on muscle fibrosis and intramuscular TG content. In the plantaris, these 2 parameters were not influenced by citrulline supplementation (Table 1) .
Muscle fiber histochemistry. There were no between-group differences in number of fibers per muscle (NEAA, 2530 6 130 fibers/muscle, vs. citrulline, 2510 6 197 fibers/muscle; P = 0.9) but the plantaris showed between-group differences in fiber size diameter distribution (P < 0.001; Kolmogorov-Smirnov test) with a shift toward greater diameter size in fiber distribution in the CIT group compared to the NEAA group [NEAA, 46 (34-60) mm, vs. citrulline, 49 (38-64) mm; median (upper and lower quartiles), n = 45,430 fibers; P < 0.001; Figure 3 ]. Serum lipid analysis. We found no significant between-group differences in serum total cholesterol, HDL cholesterol, and TG concentrations ( Table 3) .
Serum susceptibility to oxidation. The lag phase was significantly higher in sera CIT pools (n = 8) than NEAA pools (P = 0.02), and the maximal concentration of CD formed at the end of the oxidation was significantly lower in pools of serum from the CIT group than in those from the NEAA group (P = 0.02; Table 3 and Figure 4A ).
Chemical composition of lipoprotein fractions. Chemical composition (expressed as % of total lipoprotein mass) of the VLDL + LDL fraction isolated from pooled samples serum showed significantly higher proportions of TGs (P = 0.02) and jn.nutrition.org significantly lower proportions of phospholipids (P = 0.01) in the CIT group than in the NEAA group. A nonsignificant enrichment in cholesteryl esters was also observed in the VLDL + LDL fraction isolated from pooled samples serum from the CIT group (P = 0.06; Table 3 ). In contrast, there was no significant difference in chemical composition (expressed as a % of total lipoprotein mass) of the HDL fraction isolated from pooled samples serum of the 2 groups of rats (Table 3) .
Susceptibility of lipoprotein fractions to copper-induced oxidation. The susceptibility of LDL (VLDL + LDL) to copperinduced oxidation was lower in pools of serum from the CIT group than in those from the NEAA group. Figure 4B shows an illustrative example of mean formation of CD in the VLDL + LDL fraction. A similar susceptibility evaluation of HDL (the main lipoproteins in rats) showed no lag phase in the formation of CD and a significantly lower formation of CD, especially 7-ketocholesterol, at the end of the oxidation process (Table 3) .
Discussion
Here, we report the results of the first long-term citrulline supplementation study in aging rats and highlight significant antiaging effects. First and foremost, long-term citrulline supplementation did not increase mortality, which was actually even lower in citrulline-supplemented rats than in controls (P = 0.05), thus confirming its safety as previously reported in acute administration (9, 18, 25, 26) . The safety of citrulline administration in humans has been shown in several clinical situations (27) and authors have reported that there are no side effects. Furthermore, aging Sprague-Dawley rats often spontaneously develop tumors (28) but incidence of clinically detectable tumors was significantly lower in the CIT group. These 2 observations may be related but need to be confirmed in studies with a larger sample size before any explanation can be attempted.
We also demonstrate that chronic citrulline administration in healthy aged rats is associated with changes in body composition. The effect of citrulline on fat-free mass is focused on muscle, i.e., citrulline supplementation in the left liver and gut masses is unaffected (data not shown). The effect on muscle mass was not due to fat accumulation in the muscle or to fibrosis but was linked to higher muscle protein content. The effect of citrulline on muscle fibers resulted in a specific increase in their diameter and a specific increase in tropomyosin. This confirms the targeted effect of citrulline on muscle protein metabolism (7, 9) and shows that citrulline is involved in muscle homeostasis. We recently showed that acute citrulline administration could activate muscle protein synthesis in rats that were deprived of food by modulating the mTORC1 pathway (18) . However, despite a trend, mTORC1 activation did not seem to be activated under the present conditions. An explanation could be that this pathway, which is mainly activated in a postprandial state, was studied here in the postabsorptive state. Alternatively, the trophic effect of citrulline could be related to its ability to increase muscle APOBEC2, which would make this the first time, to our knowledge, a nutritional modulation of this factor has been observed and is a major breakthrough for exploring the role of this protein in the action of citrulline on muscle. The activation induced deaminase/apolipoprotein B editing complex 5 (AID/APOBEC5) proteins form a subgroup of a superfamily of zinc-dependent deaminases, and APOBEC2 is a muscle-specific member of the family (29) . Interestingly, a study by Sato et al. (30) demonstrated that APOBEC2 deficiency was associated with a shift in muscle fiber toward type 2 diminished body mass and muscle alteration. Unfortunately, despite a positive effect of citrulline on muscle protein metabolism (i.e., fiber size, muscle mass, and protein content), there is no effect on muscle strength or function. Such a result could be related to the fact that citrulline improves ''muscular factors'' (i.e., fiber size, muscle mass, and protein content), which explains ;40% of strength but has little or no action on ''neurologic factors'' such as the descending excitatory drive from the brain and motor unit recruitment that are also required for improving muscle strength (31).
Citrulline-fed rats exhibited lower fat mass than rats in the NEAA group. To the best of our knowledge, this is the first time such an effect has been observed with citrulline. This may be a direct effect of citrulline and/or its related AAs; dietary supplementation with Arg (a citrulline metabolite) or watermelon juice (a natural source of citrulline) has reduced fat mass and improved insulin sensitivity in obese and type 2 diabetic rats (32, 33) . Alternatively, the higher lean body mass in rats fed citrulline may have increased their energy expenditure, thus reducing fat mass. This hypothesis is, in turn, supported by the increased mitochondrial enzymatic activity in muscles of citrulline-treated rats. Furthermore, citrulline could directly increase energy expenditure, as suggested by the overexpression of many mitochondrial proteins in the muscle. Citrulline increased chaperone activity of bc1 complex-like enzyme, which could be essential for the proper conformation and functioning of protein complexes in the respiratory chain. The function of this protein (classified as a kinase) is not precisely known, but its impairment is associated with decreased ubiquinone synthesis and impaired respiratory-chain enzyme activities (34, 35) . Likewise, we observed a decrease in mitochondrial hexaprenyldihydroxybenzoate methyltransferase, which is also involved in the biosynthetic pathway of ubiquinone (36, 37) . These results are corroborated by our transcriptomics approach, which clearly showed that citrulline increased Tfam expression (a mitochondrial biogenesis factor), thus confirming the role of citrulline as a key modulator of mitochondrial function and energy metabolism. Interestingly, the citrulline-mediated modulation of mitochondrial function could also influence the production of reactive oxygen species, a key factor in aging (38) . This result could be related to citrullineÕs high ability to preserve lipoprotein from oxidation. Antioxidant properties of citrulline have been reported in watermelon, largely because of its ability to scavenge hydroxyl radicals (11) . The results reported here argue for a protective effect of citrulline against the oxidation of another biological target, i.e., lipids, and, more specifically, LDL, in which its oxidation is deeply involved in the development of atherosclerosis in humans (21) . Here, the CIT group rats also showed evidence of a protective effect on HDL oxidizability, especially in terms of the formation of CD and 7-ketocholesterol. Because HDLs are known for their protective action against atherosclerosis, they also need to be protected against oxidation to preserve this vital function (39) .
In conclusion, we demonstrate that long-term citrulline supplementation is able to profoundly modify body composition and metabolic function (in particular, muscle and lipid metabolism). However, our study carries a limitation in that it has no pretreatment control group. It is still unclear whether citrulline prevented, attenuated, reversed, or stimulated changes in body composition. Additional studies are now required to characterize the mechanisms involved in the action of citrulline and to obtain a broad overview of its role, particularly during aging. Our results provide a strong rationale for promoting trials with citrulline in humans.
